[1] Precipitation data for Seoul, Korea, have been recorded since 1778, representing one of the world's longest instrumental measurements of daily precipitation. Trends in summer precipitation amount, intensity, and indices of climate extremes are studied. The detected trends were tested using trend-to-noise ratio test, nonparametric MannKendall rank statistic and Monte Carlo simulation procedure. Over the past 227 years and in the twentieth century, the June-September total precipitation amount has a trend significant at 95% confidence level; the numbers of torrential rainy days with precipitation greater than 75 mm, the highest one-day rainfall amount, the number of extremely wet days defined as the 99 percentile of the distribution of daily precipitation, and the precipitation amount falling in the extremely wet days, all have a trend significant at 99% confidence level. An intensity index that captures the combined effects of precipitation frequency and intensity, calculated as the number of heaviest rainy days that constitute 67% of the total precipitation shows a decreasing trend significant at 99% confidence level, suggesting an increase in precipitation intensity. However, the trends calculated for the pre-1950 period (1778 -1949) are all insignificant except the intensity index, suggesting that real trends occur only in the recent 55 years. Nevertheless, the pronounced recent increasing trends since 1950 are unprecedented. What give rise this trend remain elusive.
Introduction
[2] Understanding the changes in the East Asian (EA) monsoon rainfall in a warming environment has been both a scientific challenge and of societal importance. Careful study of past changes may provide useful clues for understanding the effects of global warming on the monsoon precipitation, especially extreme events.
[3] Seoul (37°34 0 N, 126°58 0 E), Korea, is an excellent site for study because it is located at the geographic center of the EA monsoon region (20°-50°N, 100°-145°E) and because it has one of the world's longest records of instrumental measurements of daily precipitation since 1771. Before 1908, the rainfall was measured using Chuk-woo-kee, a rain-measuring device that is essentially the same as the modern rain gauge [Wada, 1910; Hahn, 1996] . Wada [1917] first calibrated the Chuk-woo-kee data and compiled a monthly-mean precipitation data set, which has subsequently been used to investigate interannual variability [Jung and Lim, 1994] . Recent Chuk-woo-kee data set re-compiled by Lim et al. [1996] has been recognized more reliable and complete than Wada's [Jhun and Moon, 1997; Park and Yadav, 1998 ]. Based on this monthly rainfall data, Ha and Ha [2006] found two significant changing points for April -November rainfall occurring around 1881 and 1952.
[4] The Chuk-woo-kee data used in this study were originally compiled from two sets of royal diaries from the Chosun Dynasty, ''Seungjungwonilgee'' (the national treasure No. 303 of South Korea) and ''Ilsungrok'' (the national treasure No. 153 of South Korea), which are kept in Kyujangkag, a special library at Seoul National University. These official documents recorded the dates of each rainy event, along with its starting and ending hours and the total amount of rainfall, as well as a description of rainfall intensity and cloud conditions. The dates and times of rainfall originally recorded by using the lunar calendar were converted into local times and dates of the corresponding solar calendar. The ancient units used to measure the rainfall were also converted to millimeters. No decimals were recorded in the ancient record; thus, rain events of less than about 2 millimeter were neglected.
[5] Jhun and Moon [1997] further reconstructed daily rainfall data set for the period of 1778 -1907. Data for the beginning years from 1771 to 1777 were excluded because the diary is partially missing; another period with missing daily data is the Korean War (1950-53) . The daily data were compiled from a proxy hourly data which was produced by uniformly distributing the total rainfall amount of each event across each hour of the event. The diurnal cycle derived from the Chuk-woo-Kee hourly data set agrees very well with the diurnal cycle derived from the modern raingauge observation [Jung et al., 2001] , which lends support for the reliability of the proxy hourly data and the daily data. For current study, a complete Seoul daily rainfall data set consisting of Chuk-woo-kee timeframe and the modern observation period (1908 -2004) [Jung et al., 2001 ] is constructed. The standard deviations of the monthly and seasonal rainfall derived from the two periods are comparable. As far as extreme events are concerned, the differences between Chuk-woo-kee and modern instrumental measurements are not expected to have appreciable effects on our analysis results.
[6] Three methods were used to test the significance of the derived trend. The first is trend-to-noise ratio test which relies on least square (LS test hereafter) regression model [Woodward and Gray, 1993] . The second method to quantify the direction and magnitude of the trend of raw data is based on the nonparametric Mann -Kendall (MK test here-after) rank statistic [Kendall, 1955] . Unlike the linear regression method, this test is insensitive to individual outliers and to the start and end points. Alternatively, the significance of trend is retested through 1000-ensemble Monte Carlo (MC test hereafter) simulation procedure as explained in Wilks [1995] . We also take into account the effect of autocorrelation when assessing trends and their significance level [Chen, 1982] .
Total Amount of Summer Precipitation
[7] The summer precipitation in Seoul exhibits remarkable natural fluctuations. Figure 1 shows that the mean summer precipitation (from June to September, JJAS hereafter) in Seoul from 1778-2004 is 901 mm, with a standard deviation of 344 mm. The maximum JJAS rainfall is 2,190 mm in 1821, which is more than 13 times that of the driest summer rainfall of 164 mm in 1901. Both the extreme years occurred more than 100 years ago, suggesting a remarkably large natural rainfall variability.
[8] Climatological condition is often determined by a 30-year average condition [Guttman, 1989] , which gives a reasonable estimation of the weather statistics that define climate conditions. We note that the 30-year averaged JJAS precipitation between the driest 30-year period (1885 -1914) and the wettest 30-year period (1975 -2004) differs by 315 mm, indicating considerable long-term changes in summer rainfall climatology. These two extreme 30-year means occurred, respectively in the beginning and the end of the 20th century, yielding a remarkable trend for the last century ( Figure 1 ). Whether it arises from natural variations or anthropogenic changes deserve cautiously further investigation.
[9] Regardless of the large amplitude of year-to-year variations, the total summer rainfall has increased by approximately 7% per century, or a total of 15% in the past 227 years. Using three methods, this linear increasing trend, obtained by least-square regression, is significantly different from zero at the 95% confidence level (See Table 1 ). The increasing trend is particularly notable in the 20th century, increasing from 711 mm in 1900 to 1,097 mm in 2004, a growth of about 54% during the century. The trend shown in Figure 1 is consistent with the recent 100-year trend seen in the lower reach of the Yellow River and Korean peninsula, documented in the previous studies devoted to the trend analysis of global land precipitation [Dai et al., 1997; Intergovernmental Panel on Climate Change, 2001; Chen et al., 2002] . A closer inspection of monthly precipitation reveals that the JJAS trend is primarily associated with the increasing trend during July and August (figure not shown).
[10] We should, however, be cautious about the increasing trends seen in Figure 1 . The trend over the past 227 years, especially over the last 100 years, is most likely exaggerated by the fluctuations occurring on a centennial time scale. There were two mega-drought periods (1778 -1800 and 1875-1908) and two mega-flooding periods (1800 -1840 and 1980 -2004) in the Seoul record. Both trends in the last centaury and over the entire 227-year period were computed starting from one of the mega-drought periods. If the calculation of trend starts from 1820, no significant trend is detected. Furthermore, the precipitation record before 1950 does not have significant trend either. A real trend has occurred only in the last 55 years.
Precipitation Intensity
[11] The precipitation intensity, however, exhibits more reliable evidence of an increasing trend over the past 227 years. Two parameters were used to quantify the precipitation intensity. One is an intensity index that captures the combined effects of precipitation frequency and intensity on a water supply, which is defined by the number of heaviest rainy days that constitute 67% of the total precipitation [Sun et al., 2006] . Smaller values of this index mean stronger intensity. Figure 2 shows that the intensity index has decreased from 10.5 in 1778 to 9.8 in 2004, about a 7% decrease across the entire period, implying that the majority of the summer rainfall occurred in a fewer number of days. The statistical significance of this trend is presented in Table 1 . The intensity index trend is less affected by centennial scale variability compared to the JJAS total precipitation. The other criteria used to define the intensity index (for instance 50%, 60%, 80%) were tested. The results show that the aforementioned conclusion is not sensitive to choice of the given criterion. Of particular note is that the trend in intensity index is significant at 95% confidence level even for the pre-1950 period. If the criterion for intensity index increases to 100%, the intensity index is nearly equivalent to the number of ''rainy day'' of the whole summer season. Because the rain events of less than about 2 millimeter were neglected during Chuk-woo-kee period, the ''rainy day'' here means that daily precipitation exceeds 2 mm. The number of ''rainy day'' has no significant trend (Figure 2) . Thus, the significant decreasing trend of intensity index (Figure 2 ) suggests the inconspicuous strengthening of the intensity of extreme events.
[12] The second parameter measuring intensity is the mean rainfall of each ''rainy day''. The trend of the time series of mean rainfall of each rainy day for each summer was computed by using least-square regression (Figure 3) . The obtained trend is statistically significant at the 99% confidence level (Table 1) . Taken together, the results depicted in Figures 2 and 3 show an increase in the overall precipitation intensity.
Extreme Events
[13] Four indices of precipitation extremes have been selected in reference to the indices of surface data recommended by the Expert Team on Climate Change Detection, Monitoring and Indices (ETCCDMI) [Peterson, 2005] . The first index is the number of torrential rainy days (defined as days with precipitation greater or equal to 75 mm) during JJAS. The 5-year running mean shows an increase trend which is obtained using logistic regression, the most commonly-used statistical method to assess the climatological trends in the frequency of extreme precipitation events based on the stochastic concept of binomial distributed counts [Frei and Schär, 2001] . The number of torrential rainy days has increased by about 17% per century and 38% for the entire 227-year period, which is statistically significant at the 99% confidence level, using the null-hypothesis of zero increase (Table 1 ). The increasing numbers of torrential rainy days are robust because similar trends are also seen in the numbers of days with daily rainfall exceeding 50 mm and 100 mm (not shown), and 200 mm (Figure 4) .
[14] Figure 5 shows time series of (a) summer highest 1-calendar day precipitation amount, (b) the number of extremely wet days and (c) the precipitation amount falling in the extremely wet days. Here the extremely wet days are defined as the 99 percentile of the distribution of the summer daily precipitation amount in the 227-year period. The ratio between the precipitation falling in extremely wet days and the total precipitation shows a similar result (figure not shown). The trends of the highest 1-day precipitation amount is significant at 99% confidence level; the trends calculated for the number of days and total precipitation of the extremely wet days are significant at 99% confidence level (Table 1) . Together, Figures 4 and 5 suggest a significant increasing trend of extremely heavy precipitation events.
Remarks and Discussion
[15] Significant and consistent increasing trends in the precipitation amount, intensity, and extremely wet events Figure 2 . Running five-year means for the intensity index for Seoul's precipitation (red). The intensity index is defined by the numbers of heaviest rainy days in which 67% of the total precipitation falls in a given summer. Also shown is the number of rainy days with daily precipitation exceeding 2 mm (blue). The trends are obtained by least-square regression. are detected for the 227-year record at Seoul (Table 1) . These trends are particularly pronounced in the twentieth century (Figures 1 through 5) . We note, however, all these long-term trends are primarily due to the remarkable increases in the second half of the twentieth century, especially due to the highest 30-year mean precipitation occurred in the last 30 years. Furthermore, the trends for the past 227 years and for the twentieth century are partially attributed to the abrupt change in the recent 50 years and the mega-drought periods which occurred in the beginning of the 227-year record and in the beginning of the twentieth century. Of also note is that the time series shown in Figures 1-5 , in general, do not show significant trends for the period before 1950s except the intensity index. The summer precipitation in Seoul has remarkable fluctuations ranging from 164 mm in 1901 to 2,190 mm in 1821 (Figure 1 ). These historical extremes suggest that the natural variability itself is huge.
[16] Nevertheless, the increasing trends since 1950s are robust and unprecedented. A question arises as to whether the recent increasing trends in Seoul precipitation are a local feature or they reflect large scale changes in the East Asian summer monsoon. The epochal changes of JJAS rainfall between the two epochs prior to and after 1976 (post-76 minus pre-76 epoch) shows that the summer monsoon precipitation has increased in a southwest-northeast oriented belt from the middle-to-lower Yangtze River Valley across East China Sea and South Korea to northern Japan; meanwhile the rainfall has decreased to the north and south of the enhanced Meiyu/Baiu rain belt (Figure 6 ). This ''sandwich'' feature indicates that the well recognized ''Southern China flood and northern China drought'' trend in the last 50 years [e.g., Nitta and Hu, 1996; Gong and Ho, 2002; Yu et al., 2004; Wang and Ding, 2006 ] is a part of the large-scale changes in East Asian monsoon. It suggests that the Meiyu/ Baiu/Changma have been enhanced in the recent 28 years, especially over the Korea peninsula, which corroborates the finding shown in Figure 1 . Thus, the increasing trend during the last 56 years detected from Seoul data reflect large scale changes in the East Asia monsoon region. Identifying the causes of the increasing rainfall remains elusive and calls for further investigation. Running five-year means of the summer highest 1-calendar day precipitation amount (green), the number of extremely wet days (blue) and the precipitation amount falling in the extremely wet days (red). The extremely wet days are calculated as the 99th percentile of the distribution of the summer daily precipitation amount in the 227-year period. The scale of the green and red curve is shown in left y-axis. Also shown are the corresponding trends obtained by least-square regression for the green curve and logistic regression for the blue and red curve. [Chen et al., 2002] . Seoul is marked as the solid black circle.
